In many coastal and continental margin sediments, pore-water property-property plots yield values of r C:S , the stoichiometric ratio of dissolved inorganic carbon (DIC) produced to sulfate reduced, that are lower than the commonly assumed value of 2. Remineralization of organic matter more reduced than CH 2 O can cause such observations, as can DIC loss due to authigenic carbonate precipitation. However, through studies of Santa Monica Basin sediments, we have observed that these observations could also be related to the occurrence of anaerobic oxidation of methane (AOM) in sediments. Specifically, using a reactive transport sediment model, we have shown that AOM driven by an ''external'' methane source (e.g., an upward flux from ancient gas hydrates) can lead to values of r C:S , 2. This contrasts with what is observed when AOM is driven by methane produced during in situ methanogenesis, resulting from the deposition of reactive organic matter to the sediment surface. This situation does not lead to deviations in the value of r C:S from that seen solely for the occurrence of organic matter remineralization by sulfate reduction. With real pore-water data, if carbonate precipitation is adequately accounted for, observed deviations in values of r C:S from predicted end-member values for organic matter remineralization and AOM can provide information about the occurrence of AOM and upward methane fluxes in sediments.
In many anoxic sediments, dissolved inorganic carbon (DIC) production is coupled to bacterial sulfate reduction, and diffusion is the predominant pore-water solute transport process. Neglecting for now any possible carbonate precipitation or dissolution (which is discussed below in further detail), a property-property plot of the sediment pore-water DIC concentration vs. sulfate concentration (or a plot of their concentration changes with respect to bottom water values) will have a slope given by,
where C is DIC, S is sulfate, D i is the bulk sediment diffusion coefficient for solute i (where i 5 C or S) and r C:S is the stoichiometric ratio of DIC produced to sulfate reduced. Thus from the slope of this pore-water DIC : sulfate property-property plot, we can estimate r C:S . In a more general sense, the use of such pore-water property-property plots to examine the stoichiometry of biogeochemical processes occurring in sediments was originally described by Berner (1977) . He showed that if the transport processes affecting two solutes are well described, and if the production or consumption reactions affecting the solutes are tightly coupled, then these property-property plots can be used to determine the stoichiometric ratio of solute production or consumption (also see similar derivations in Hammond et al. 1999) .
Returning to the specific example cited above, if we assume that the organic matter being remineralized is CH 2 O (i.e., has an average oxidation state, ox, equal to 0), then we can write the following equation,
and we see that the ratio of moles of DIC produced to sulfate reduced (i.e., r C:S ) equals 2. However, in many coastal and continental margin sediments, property-property plots yield values of r C:S , 2 (Jahnke 1990; Berelson et al. 2005; Jørgensen and Parkes 2010) . Several explanations have been put forth to explain these observations, including the remineralization (oxidation) of organic matter that is on average more reduced than CH 2 O, as well as the precipitation of calcium carbonate in the sediments. However, as a part of our studies of sediments in the Santa Monica Basin, California Borderland region, we have observed that there may be a third explanation for these observations related to the occurrence of anaerobic oxidation of methane (AOM) in the sediments and, more importantly, the source of the methane that drives this AOM. The goal then of this paper is to examine the factors that cause such deviations in r C:S values based on estimates determined from pore-water property-property plots. The approach we will use involves examining the results of our recent studies in Santa Monica Basin sediments, and results obtained with a coupled nonlinear reaction-transport model for anoxic marine sediments. With these results, we will specifically examine how the occurrence of AOM in sediments, and the possible sources of the methane that drive this AOM, affects both sediment DIC production and sulfate reduction, as well as parameters such as r C:S that can be derived from pore-water property-property plots.
Deviations in r C:S due to differences in sedimentary organic matter composition-In anoxic sediments where sulfate reduction dominates organic matter remineralization, Burdige (2006) has shown that r C:S is related to the average carbon oxidation state of the organic matter undergoing remineralization (5 ox) according to
allowing one to estimate ox through the value of r C:S determined from a DIC : sulfate pore-water propertyproperty plot as described above.
In a compilation of estimates of ox based on a wide range of experimental and modeling techniques (Burdige 2006) , bulk naturally occurring marine organic matter was found, on average, to be more reduced than CH 2 O (ox 5 0), with ox equal to approximately 20.5 to 20.7. When ox is , 0, more sulfate is reduced per mole of DIC produced from the oxidation of this more reduced organic matter, and r C:S is therefore , 2 (Eq. 3). For example, if sediment organic matter has an average ox value of 20.7 then r C:S decreases from 2 to 1.7, whereas if ox 5 20.5, then r C:S 5 1.8. More specifically, oxidation of hydrocarbons, which are also more reduced than CH 2 O, will similarly result in r C:S , 2. In the extreme, if ox 5 24, the material undergoing oxidation is methane, and based on the stoichiometry of anaerobic oxidation of methane (AOM), CH 4 zSO 2{ 4 ?HCO { 3 zHS { zH 2 O we see that r C:S 5 1, consistent with Eq. 3. At the same time, studies of some sediments yield values of r C:S that are significantly smaller than even 1.7. In studies of Santa Monica Basin sediments, Jahnke (1990) observed an r C:S value of 1.21 on the basis of a propertyproperty plot of titration alkalinity vs. sulfate for pore waters in the upper , 50 cm of sediment. In our recent studies of these same sediments, we observed essentially the identical value (1.17 6 0.03) on the basis of a DIC : sulfate property-property plot ( Fig. 1 ). Similar observations have also been made in other coastal and continental margin sediments (Berelson et al. 2005; Jørgensen and Parkes 2010) , where r C:S values as low as , 1.3-1.5 have been observed. Taken at face value, these ratios give ox values ranging from 21.3 to 22.2 on the basis of Eq. 3. An adequate explanation for such observations has not been presented because, for sediments in which the organic matter being remineralized is supplied to the sediments primarily by deposition at the sediment surface, it is difficult to envision a situation in which such extremely reduced organic matter is added to the sediments in any significant amount.
Deviations in r C:S due to precipitation of authigenic carbonate minerals-Precipitation or dissolution of carbonate minerals will also lead to deviations in estimates of r C:S obtained from DIC : sulfate property-property plots, with dissolution increasing the slope of the best-fit line through the data (and hence increasing the apparent value of r C:S obtained from the plot) and precipitation decreasing this slope and the resulting apparent r C:S value. Our work (described in ''Results'') and that of Berelson et al. (2005) both indicate that carbonate precipitation occurs at depth (greater than , 45-100 cm) in California Borderland sediments. In principle, one might envision attempting to correct the DDIC results in Fig. 1 (where DDIC is the difference in DIC concentration relative to the bottom water value) for DIC loss during carbonate precipitation using pore-water cation data (e.g., [Ca 2+ ] or [Ca 2+ ] + [Mg 2+ ]), depending on the authigenic carbonate phase that precipitates in these sediments. However, using such an approach to obtain r C:S is made difficult by uncertainties in how the diffusion coefficient ratio in an equation such as Eq. 1 is defined for this corrected DIC. In the Discussion section (subsection ''AOM in sediments''), we will describe another approach that allows us to quantitatively examine this problem, and which demonstrates that carbonate precipitation alone cannot explain the low values of r C:S observed in Santa Monica Basin sediments.
Methods
Sediment and bottom water samples were collected in July 2008 aboard the RV Point Sur from the central portion of Santa Monica Basin. Santa Monica Basin is an inner basin of the California Borderland with a maximum depth of 910 m, and sill depth of 725 m (Gorsline 1992) . The bottom sediments of the basin floor are laminated (Christensen et al. 1994) because of low dissolved oxygen in the bottom waters (, 10 mmol O 2 kg 21 ), which effectively eliminates benthic macrofauna in these sediments.
Sediment cores were recovered using a multicorer equipped with 9.5-cm-diameter core liners. Cores with an intact sediment-water interface (as indicated by clear overlying water) were immediately transferred into a refrigerated van and processed within 2-9 h of recovery. Bottom water samples were collected with a soap-and acidcleaned Go-Flo bottle.
In the refrigerated van, sediment cores were extruded in an N 2 atmosphere at intervals of 0.25, 0.5, or 1 cm to a depth of 45 cm. The outermost 0.5-cm rind of each sediment slice was discarded to prevent effects from smearing. The sediments were placed in polycarbonate tubes and centrifuged at 4uC at 8400 revolutions per minute for 20 min. The supernatant was collected into an allpolypropylene syringe with a stainless steel needle and passed through a 0.2-mm nylon disposable filter with a 0.7mm GF/F prefilter (Whatman 6870-2502). The first 3 mL were discarded. DIC samples for concentration analyses were placed in 2-mL serum vials with no headspace, immediately crimp-sealed, and stored refrigerated until analyzed (Burdige and Homstead 1994) . Samples titrated on-board ship for total alkalinity were subsequently stored in plastic snap-cap tubes and refrigerated for shore-based analyses of SO 2{ 4 , Ca 2+ , and Mg 2+ . Analyses of these samples were corrected for sample dilution by the acid used in the alkalinity titration. Additional pore-water samples for SO 2{ 4 , Ca 2+ , and Mg 2+ analyses were collected in plastic snap-cap tubes, acidified (, 100 mL of 6 mol L 21 HCl per 10 mL of sample), and refrigerated.
Pore waters from cores collected in this fashion, most particularly in deep-sea sediments (Emerson et al. 1982) , can be subject to pressure artifacts in the analysis of inorganic carbon system parameters (e.g., DIC and alkalinity). However, several lines of evidence suggest that such pressure effects have a negligible effect on our porewater results. In studies of Santa Monica Basin (Jahnke 1990 ) and the nearby (and quite similar) San Pedro Basin (Berelson et al. 1987) , in situ measured benthic fluxes of alkalinity and DIC show good agreement with fluxes calculated using pore-water profiles. Furthermore, in deepsea sediments (. 4 km water depth) where these pressure effects can be significant (Emerson et al. 1982) , the observed effects are a strong function of sediment carbonate (inorganic carbon [IC]) content. The sediments in Santa Monica Basin are , 1% IC (T. Komada unpubl.), and given their relatively ''shallow'' water depth (900 m), the observations in Emerson et al. (1982) further suggest that any pressure effects here on the analysis of inorganic carbon system parameters are likely to be minimal.
Concentrations of DIC were determined by flow injection analysis (Hall and Aller 1992; Lustwerk and Burdige 1995) , SO 2{ 4 was determined by ion chromatography, and Ca 2+ was determined by automated titration with ethylene glycol tetraacetic acid as a complexing agent and a Ca ion-selective electrode for end-point detection (Burdige et al. 2008) . Mg 2+ was determined by inductively coupled plasma optical emission spectrometry in the lab of R. Sherrell at Rutgers University.
All plastic and metal tools and parts were first washed with soap, then acid washed, rinsed with deionized water, and air dried. Glassware was washed in the same manner and then ashed at 550uC for 4 h.
Results
Figure 2 presents pore-water DIC, sulfate, Ca 2+ , and Mg 2+ depth profiles in the upper , 40 cm of Santa Monica Basin sediments. In the upper , 5-10 cm of sediment, curvature in the pore-water sulfate and DIC profiles (along with pore-water ammonium and alkalinity profiles not shown here) indicates the occurrence of organic matter remineralization (sulfate reduction) producing or consuming these solutes. Below , 10-20 cm, the profiles are remarkably linear, which is often interpreted as being indicative of a diffusion zone that separates reactions occurring in the surface , 5-10 cm of sediment and those in a second reaction zone deeper in the sediments (for details, see below and Berelson et al. 2005 ). Although our model results below suggest that this might not always strictly be the case (see subsection ''Case 3: Low reactive POC flux, no methanogenesis, external methane flux from below''), this assumption is adequate for the discussion in this section. Fig. 2 . Pore-water sulfate, DIC, Ca 2+ , and Mg 2+ depth profiles from Santa Monica Basin sediments. Different symbols represent data from different cores, and the best-fit straight lines through the data below 15 cm were used to calculate the fluxes reported in Table 2 .
In other studies, it has been suggested that linear sulfate profiles similar to those seen here could be the result of a balance between sulfate reduction and either sulfide oxidation or pore-water sulfate replenishment, both possibly driven by low rates of bioirrigation into deep anoxic sediments (Fossing et al. 2000; Jørgensen and Parkes 2010) . However, in many California Borderland basins, including Santa Monica Basin, low bottom water O 2 levels preclude macrofaunal colonization of the sediments (see ''Methods'' for details) and therefore argue against this explanation here.
Where pore-water profiles appeared highly linear, diffusive fluxes (J) into or out of the deeper sediments were calculated with the equation
The concentration gradient dC/dz was obtained by a linear least-squares fit to the pore-water data below 15 cm, the bulk sediment diffusion coefficients (D s ) were determined as described in Table 1 (footnote *), and the sediment porosity at depth was taken to be 0.84 6 0.05 (T. Komada unpubl.; Huh et al. 1987; Christensen et al. 1994 ). These linear gradients are shown in Fig. 2 and are listed, along with the diffusive fluxes, in Table 2 .
Discussion
AOM in sediments-Diffusive fluxes based on the gradients in Table 2 represent the depth-integrated rates of solute production or consumption deeper in the sediment column. The ratio of the upward DIC flux to the downward sulfate flux below , 15 cm in these sediments is 1.23 6 0.2 (Table 2) , consistent with the estimate of r C:S for the entire sediment profile based on the DIC : sulfate property-property plot in Fig. 1 . However as noted above, these estimates of r C:S are intermediate between that predicted for sulfate reduction coupled to organic matter oxidation in the surface sediments (referred to here as OMX), which is expected to be , 1.8-1.7 (2006) for an assumed bottom water temperature of 5uC. The free solution diffusion coefficient for DIC is a weighted average of the diffusion coefficients for HCO { 3 , CO 2{ 3 , and aqueous CO 2 based on their relative average composition (6 1 s) in pore-water DIC from Santa Monica Basin sediments (93.7% 6 2.8%, 3.8% 6 3.5%, and 3.5% 6 2.1%, respectively). Du values were corrected for sediment tortuosity to obtain the bulk sediment diffusion coefficients listed here using the modified Weissberg equation to parameterize sediment tortuosity. This results in D s 5 D o /[1 2 ln(Q 2 )] (Boudreau 1997) . { All parameters are defined in the text. { In some model runs (not shown here), increasing k aom to 1000 mmol 21 L yr 21 or decreasing it to 10 mmol 21 L yr 21 , with other parameters held constant, had no effect on the model output. 1 These are the case 3 base run parameters. In other case 3 runs, J lb,m or J POC were varied as discussed in Tables 3 and 4 . I In the absence of bioturbation J POC 5 (1 2 Q)vr ds G o . * Gradients are based on a linear fit to all pore-water data below 15 cm (see Fig. 2 ). Positive gradients (and fluxes) are downward. { Fluxes were calculated with Eq. 5 as discussed in the text. Errors are 1 s and we propagated through these calculations using standard techniques. { J deep,C is the gross integrated rate of DIC production in the deep sediments (i.e., the upward DIC flux corrected for carbonate precipitation at depth). The upper value assumes that authigenic carbonate precipitation involves only Ca 2+ uptake at depth, and J deep,C 5 J lb,C 2 J lb,Ca . The lower value assumes that both Ca 2+ and Mg 2+ precipitate as authigenic carbonates at depth, and J deep,C 5 J lb,C 2 J lb,Ca 2 J lb,Mg (see the text for further details).
corresponding to remineralization of organic matter assumed to have an ox value of 20.5 to 20.7, and AOM, which has an r C:S value of 1 and, as we will show below, is an important process in the deeper parts of these sediments.
To explore the factors that are responsible for this flux ratio in Santa Monica Basin sediments (and by inference the apparent r C:S ratio based on pore-water property-property plots), we first note that extrapolation of the linear portion of the sulfate profile to zero sulfate concentration yields a sediment depth of , 2.5 m. The region in the sediments where this occurs is often referred to as the sulfate-methane transition zone (SMTZ), and methane concentrations generally begin to build up below the SMTZ once sulfate is depleted. Possible sources of this methane are discussed in the next section. The SMTZ also generally represents the region in the sediments where AOM occurs at its highest rates Alperin and Hoehler 2009) . In coastal sediments, the SMTZ occurs at depths of tens of centimeters (Goldhaber et al. 1977; Alperin et al. 1992; Martens et al. 1992) ; in inner continental margin sediments, it occurs at depths of , 1-5 m (Niewö hner et al. 1998; Berelson et al. 2005; Harrison et al. 2009 ), and in outer continental margin sediments, it occurs at depths of tens of meters or more (Borowski et al. 1999; Dickens 2001) .
Using the fluxes derived from the linear gradients shown in Fig. 2 , we can re-examine the possible role of carbonate precipitation in the observed r C:S value for Santa Monica Basin sediments. To do this, we initially correct the DIC flux at the base of our profiles (J lb,C ) for carbonate precipitation in two ways: in the first we assume that the linear Ca 2+ gradient is the result of uptake at depth into authigenic carbonates (Berelson et al. 2005 ) and that the Mg 2+ gradient is associated with uptake into noncarbonate (i.e., clay mineral) phases (Sholkovitz 1973; Leslie et al. 1990 ). In the second case, we assume that the Ca 2+ and Mg 2+ gradients both reflect uptake into carbonate phases (Tipper et al. 2006; Higgins and Schrag 2010) . Either of these corrections accounts for DIC loss due to carbonate precipitation, yielding the integrated gross rate of DIC production in the deeper sediments (J deep,C ). Estimates of J deep,C are also listed in Table 2. A comparison of J deep,C to J lb,S , the downward sulfate flux, which also equals the depth-integrated rate of sulfate reduction in the deep sediments, yields a ratio of 1.34 6 0.23 to 1.46 6 0.25, depending on which type of authigenic carbonate is assumed to precipitate. This range of values is intermediate between the expected r C:S value for OMX (5 1.7-1.8, depending on the value of ox) and AOM (5 1). Thus, carbonate precipitation does affect the apparent r C:S value determined with pore-water data from Santa Monica Basin sediments, and future studies are needed to better define the type of authigenic carbonate precipitation that occurs in these sediments. Nevertheless, it also appears that authigenic carbonate precipitation alone cannot explain the observed deviations in the r C:S ratio from expected values. Rather, this calculation suggests that sulfate reduction coupled to both OMX and AOM in the deep part of Santa Monica Basin sediments must together be responsible for the low apparent r C:S value seen in these sediments. These depth-integrated rates can next be used to examine the relative importance of OMX and AOM at depth in Santa Monica Basin sediments. In this calculation, we apportion the gross DIC production in the deep sediments to AOM and OMX according to
Similarly, the sulfate flux at the lower boundary of the profiles must be balanced by consumption through AOM and OMX in the deep sediments. On the basis of the value of ox and the stoichiometry of OMX and AOM, as indicated by Eqs. 3 and 4, this implies that,
and combining these equations yields
On the basis of the results shown in Table 2 , if ox 5 20.7 to 20.5, then OMX accounts for , 60-80% of the gross integrated rate of DIC production in deep Santa Monica Basin sediments, with AOM accounting for the remaining , 20-40%. Calculations presented in Berelson et al. (2005) for four other Borderland basins (Santa Barbara, Soledad, Alfonso, and Pescadero) yield almost identical values for the relative contributions of OMX and AOM in the deeper portions of these basin sediments (OMX, , 70-90%; AOM, , 10-30%).
The methane that drives the observed AOM in these continental margin sediments could have two possible sources ( Fig. 3) . One is in situ methanogenesis, which, based on the biogeochemical zonation model, occurs after the depletion of sulfate in the pore waters (Burdige 2006) . Here, organic matter initially deposited at the sediment surface and subsequently buried by sediment accumulation is remineralized by methanogens to CO 2 and CH 4 . In most sediments in which molecular diffusion is the main transport mechanism for methane, the upward methane flux driven by this methanogenesis is nearly quantitatively oxidized by AOM at the base of the sulfate reduction zone, such that there is little net methane loss from the sediments (see Reeburgh 2007 , for a recent review).
However, another source of methane to some continental margin sediments may be an ''external'' source not directly coupled to present-day organic carbon deposition and burial and in situ methanogenesis. These sources might include geologic hydrocarbon reservoirs derived from ancient source rocks, or deeply buried gas hydrate deposits. Such deposits are common in many continental margin settings (Milkov and Sassen 2002; Zhang and Lanoil 2004) , including Santa Monica Basin. Here, seismic reflection profiles indicate the presence of gas reservoirs at least 200 m below the seafloor , and upward migration of gas from these deposits results in the formation of gas hydrate deposits as shallow as , 1.5-2 m below the seafloor (Hein et al. 2006; Paull et al. 2008) . Similar types of gas migration are also common in other continental margin sediments (Milkov and Sassen 2002) .
The fact that we can think about such a deep methane source as being uncoupled from contemporaneous surface organic carbon fluxes and any associated in situ methanogenesis will be an important aspect of the subsequent discussion.
Development and implementation of a numerical AOM-OMX model-To more directly examine the linkages between the sources of methane that drive AOM in marine sediments and the observed values of r C:S based on porewater property-property plots, we use the following steadystate sediment reactive-transport model. It should be noted that the goal here is not to specifically simulate processes taking place in Santa Monica Basin sediments, but rather to explore the linkages between AOM and values of r C:S in a more general context.
The model consists of a set of equations for pore-water sulfate (S), methane (M), and DIC (C), and reactive particulate organic carbon (POC) in the sediments (G) and considers the following processes: diffusion (S, M, and C), sedimentation (G) or pore-water solute advection driven by sedimentation (S, M, and C), reactive POC remineralization by bacterial sulfate reduction (S, G, and C) and methanogenesis (G, C, and M), and anaerobic methane oxidation (S, M, and C). For the sake of simplicity, we do not consider the occurrence of other organic matter remineralization processes (e.g., aerobic respiration) or other secondary reactions such as sulfide oxidation or carbonate mineral precipitation or dissolution. We also assume that porosity is constant with sediment depth.
In the model, we assume that only one ''type'' of organic matter is undergoing remineralization in the sediments (i.e., we use a 1-G model). Many, but not all, other modeling studies, use a multi-G approach (e.g., Westrich and Berner 1984) , often assuming that there are two to three types (or fractions) of organic matter undergoing remineralization (Burdige 2006) . Although future versions of this model will incorporate a multi-G approach, the use of a 1-G model does not affect the major conclusions of the work presented here.
These considerations result in the following equations,
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In these equations v is the sediment accumulation rate and the rate of pore-water advection driven by sedimentation, since we have assumed that sediment porosity is constant with depth; k i is the rate constant for organic matter Fig. 3 . An illustration of two possible scenarios for the input of methane that drives AOM in marine sediments. Note that (B) has two sources of reduced carbon to the sediments that drive the observed microbial remineralization processes, whereas (A) has only one source. degradation (i 5 OM) or AOM (i 5 aom); F is a factor that converts solid-phase concentration units to pore-water solute concentration units (Burdige 2006) ; and K m is the half-saturation constant for sulfate reduction. In addition, L 1~m oles sulfate reduced :
L 2~m oles methane produced :
L 3~m oles DIC produced (during methanogenesis) :
These three terms modify the stoichiometric coefficients for sulfate reduction and methanogenesis based on the carbon oxidation state of the reactive POC being remineralized. The derivation of Eqs. 13b and 13c is presented below. The function f S inhibits the occurrence of methanogenesis when sulfate concentrations are above some threshold value (Dhakar and Burdige 1996; Martens et al. 1998) . A number of formulations for functions such as this have been reported in the literature. Here we used,
which effectively inhibits the occurrence of methanogenesis (f S 5 0) when sulfate is present (S . , 10 23 mmol L 21 ). The upper boundary condition for the model equations specifies the sulfate, DIC, and methane concentrations at the sediment-water interface (0 for methane, bottom water values for the other two solutes), and fixes the reactive POC concentration at the sediment surface (G o ). At the lower boundary of the model (i.e., z R '), we specify that hS/hz and hC/hz go to zero. For methane, we specify that hM/hz goes to zero as z R ' if we assume there is no upward flux of methane into the sediments from an external source. For model runs in which we want to proscribe an upward flux of methane into the sediments (J lb,m ) at the lower boundary, we use the following boundary condition,
In all model calculations, depth is positive downward, and therefore negative fluxes are upward toward the sediment surface. Equations 9-12 represent a set of coupled, nonlinear differential equations, for which there is no analytical solution. A solution to this set of equations was obtained numerically using the Method of Lines technique with variable grid spacing (Schiesser 1991; Boudreau 1997) . The spatial domain of the solution (defined here from 0 to L) was first subdivided by n grid points (generally , 200), distributed such that the Dz i value between grid points increased as depth increased (having a finer grid spacing near the sediment-water interface allows one to more accurately represent concentration profiles and gradients in this region of the sediments where these parameters often show rapid changes). At each grid point, the first and second derivatives of sulfate, methane, and DIC concentration were approximated using centered, finite-difference approximations (see either of the references above for details). The first derivative of reactive POC in Eq. 10 was approximated using a backward difference approximation. With this approach, Eqs. 9-12 were transformed from space-and time-dependent partial differential equations into a set (4n total) of time-dependent ordinary differential equations (ODEs) valid at each of the n grid points. This set of coupled, nonlinear ODEs was solved in MATLAB using the integration package ode15s. The stiffness of this set of ODEs is well handled by this integration package. A copy of the complete MATLAB script used to solve these equations is available from the first author.
Solving these equations using the Method of Lines actually results in a time-dependent solution to the individual model equations (concentration vs. depth vs. time), although here, only steady-state solutions are presented. The model was generally run forward in time for , 10,000 yr, although a steady state was reached after , 8000 yr or less, depending on the set of initial conditions used to start the model run. Model runs were carried out to a maximum sediment depth of between 300 and 600 cm using parameters listed in Table 1 . In any given model run, internal mass balance for sulfate or carbon (e.g., depthintegrated loss of reactive POC plus upward methane flux vs. depth-integrated rate of DIC production; depthintegrated sulfate reduction rate vs. benthic flux of sulfate into the sediments) generally agreed to within 1% or less and sometimes to within 0.5% or less.
To test the accuracy of the numerical model, we ran the model with K m 5 0, G o 5 15 mg C (g dry wt) 21 and J lb,m 5 0, with all other model parameters as listed in Table 1 for case 1 sediments. Under these conditions, reactive POC is depleted before pore-water sulfate (e.g., Fig. 4 ), and hence, there is no methanogenesis and no occurrence of AOM. With K m 5 0, the kinetics of bacterial sulfate reduction are also simplified so that the process is now independent of sulfate concentration (see Eq. 19), and Eqs. 9, 10, and 12 can be solved analytically (Burdige 2006) . There was excellent agreement between the numerical model results and the analytical solutions for G, S, and C, with the normalized root mean square error for the two sets of solutions being , 1%.
Derivation of eqs. 13b and 13c-Using the approach described in Burdige (2006) , we assume here that organic matter of oxidation state ox is reduced to methane and oxidized to CO 2 during methanogenesis. Production of 1 mol of methane from this POC requires 4 + ox mol of electrons, whereas CO 2 production yields 4 2 ox mol of electrons per mole of POC oxidized. Next we write the equation for methanogenesis as,
where L 2 and L 3 are defined above, and for simplicity, we have not completely balanced this equation. Electron balance and carbon mass balance now requires that,
and the solution of these two equations yields Eqs. 13b and 13c.
Model results-In the model results described here, we have primarily focused on the effects of (1) changing the carbon loading (or rain rate) to the sediments, using values that are typical of continental margin sediments; (2) the presence or absence of an upward, external methane flux at the lower model boundary; and (3) the magnitude of this flux, when present. The methane fluxes used in our calculations are within the range of values reported by Berelson et al. (2005) for California Borderland basin sediments. In all model runs, ox was set equal to 20.7; therefore, the expected value of r C:S is 1.7.
Case 1: Low reactive POC flux, no methanogenesis, no external methane flux: Here carbon loading to the sediments is sufficiently low that reactive POC is depleted before pore-water sulfate; hence, there is no methanogenesis. Model results yield depth profiles of reactive POC, sulfate, and DIC that decrease (POC, sulfate) or increase (DIC) in exponential-like fashions (Fig. 4) . These trends are broadly consistent with field results from many nearshore sediments (Burdige 2006) and are consistent with the analytical solution to the ''simplified'' forms of Eqs. 9, 10, and 12 discussed in the previous section, where K m was set to 0. This agreement is not surprising because, when sulfate values are high (. 20 mM in these model runs), S & K m , and the rate expression for sulfate reduction essentially becomes independent of sulfate concentration; that is,
as also occurs if K m is specifically set equal to 0. The DIC : sulfate property-property plot with the case 1 numerical model results (not shown here) yields the expected r C:S value of 1.7.
Case 2: In situ methanogenesis, no external methane flux: With an increase in sediment carbon loading, complete sulfate depletion occurs in the sediments along with in situ methanogenesis. An example of one such model run for this case is shown in Fig. 5 . Overall, model-derived methane profiles are concave-up, as is seen in many marine sediments (Reeburgh 2007) , although the methane gradient just below the SMTZ is highly linear. Model-derived sulfate profiles similarly show curvature over the entire depth range of the profile, consistent with that seen in many marine sediments, although, again, the sulfate gradient into the SMTZ is linear.
In real sediments where diffusion is the dominant mode of pore-water transport, methane and sulfate pore-water profiles just above (sulfate) and below (methane) the SMTZ are indeed often linear (Niewö hner et al. 1998; Berelson et al. 2005) , and the ratio of their diffusive fluxes into the SMTZ is expected to be 1 if AOM is the sole mode of sulfate reduction in this zone (see Eq. 4). Although such values are often seen, higher flux ratios have also been observed, with one possible explanation for this being the co-occurrence of AOM and sulfate reduction coupled to OMX in the SMTZ (Berelson et al. 2005; Jørgensen and Parkes 2010) .
In the results shown in Fig. 5 , the ratio of the downward diffusive sulfate flux into the SMTZ to the upward methane flux is 1.36 because sulfate reduction coupled to OMX also occurs in the SMTZ, and AOM accounts for only , 17% of the total sulfate reduction. Increasing the carbon loading to these case 2 sediments by 20% (i.e., G o is increased from 22 to 26.4 mg C (g dry wt) 21 with v unchanged) increases the relative importance of AOM to total sulfate reduction to , 31% and therefore decreases this flux ratio to 1.16.
Of greater interest, though, is that, for case 2 sediments, the DIC : sulfate property-property plot (Fig. 6) yields an r C:S value of 1.7. Thus, despite the occurrence of AOM in the model sediments, the property-property plot of these model results returns the value of r C:S for OMX coupled to sulfate reduction. This then leads to the important conclusion that the internal cycling of methane by in situ Fig. 4 . Model-derived sediment profiles for a case 1 sediment, in which there is a low reactive POC flux (0.3 mol C m 22 yr 21 ), no methanogenesis, and no external input of methane at depth. The parameters used for this model calculation are listed in Table 1. methanogenesis and AOM will not lead to deviations in the value of r C:S such as those seen in many continental margin sediments (e.g., see Fig. 1 and the discussion at the beginning of the introduction section). Also note that this observation is independently verified with calculations discussed at the end of the subsection ''Application of an analytical model to the examination of DIC : sulfate property-property plots.' ' Jørgensen and Parkes (2010) reached a similar conclusion based on an examination of the equations for methanogenesis and AOM, recognizing that the sum of these two reactions looks simply like sulfate reduction coupled to organic matter oxidation and assuming a tight coupling between the two processes. The model results shown here quantitatively verify their suggestion and further indicate that this coupling occurs despite the fact that the major zones of methane production and consumption in the sediments are spatially separated. For example, in the model results shown in Fig. 5, 98% of the AOM occurs in a relatively narrow zone between the sediment depths of , 76 and 93 cm, just above the much broader sediment region between 94 and , 280 cm, where methanogenesis occurs. Table 1 . Note that the kink in the reactive POC profile near the base of the sulfate reduction zone is a model artifact that results from the way the function f s (Eq. 14) inhibits methane production in the presence of sulfate. (B) An expanded view of the sulfate, methane, and AOM rate profiles around the SMTZ. The best-fit straight lines through the sulfate and methane data predict a value of 1.36 6 0.02 for the sulfate : methane diffusive flux ratio into the SMTZ (5 J lb,s /J lb,m ). Symbols here indicate individual model data points. Case 3: Low reactive POC flux, no methanogenesis, external methane flux from below: Here, carbon loading to the sediments is such that in the absence of an external methane flux from below, the model profiles would be similar to those discussed above for case 1 sediments. However, the presence of an upward methane flux results in complete sulfate depletion in the sediments and the development of a deep reaction zone (i.e., the SMTZ) where AOM predominates. The depth at which this occurs (z smtz , see below) is controlled primarily by the magnitude of the upward methane flux (J lb,m ) and secondarily by the consumption of sulfate during OMX in the surface sediments. The latter determines the depth in the sediments at which sulfate profiles begin to appear linear (z omx ) and the extent of sulfate depletion in the surface sediments due to OMX (DS omx ), which occurs roughly within the depth zone 0 to z omx . To illustrate this observation, if we assume here that OMX does not occur to any appreciable extent at the SMTZ (see discussions below for verification), then
and,
Furthermore, if z omx and DS omx are small compared with z smtz and S o (the bottom water sulfate concentration), then
Equation 21b can also be used to estimate the magnitude of the upward methane flux by determining z smtz using porewater sulfate profiles (Borowski et al. 1996) . For the case 3 base model run (Fig. 7) , we see slight curvature in the sulfate profile near the sediment surface (associated with OMX), below which the sulfate profile is highly linear down to the SMTZ, where AOM occurs. Near the SMTZ, the ratio of the downward diffusive sulfate flux to the upward methane flux is , 1, consistent with the lack of OMX consuming sulfate in the SMTZ. Decreasing the upward methane flux by a factor of two leads to an increase in z smtz by roughly a factor of two (Table 3) , consistent with Eq. 21b. Decreasing the flux of reactive POC to the sediments (which will decrease OMX near the sediment surface and therefore affect DS omx and z omx ) has a very small effect on z smtz , again consistent with this discussion. In all of these additional case 3 model runs, the ratio of the downward diffusive sulfate flux to the upward methane flux was also , 1.
What is also particularly interesting here is that in Fig. 7 , we see that the sulfate and DIC profiles are highly linear from , 30 cm below the sediment surface down to the SMTZ at , 130 cm, despite low rates of OMX still occurring below this depth. Specifically, only , 70% of the total depth-integrated OMX occurs in the upper 30 cm of sediment, with the remaining , 30% occurring below this depth, where linear pore-water gradients would seem to imply a diffusion-only situation. Thus, we have a situation in which low rates of OMX occur over a large portion of the sediments above the SMTZ (here, , 30-120 cm) coupled with high rates of AOM focused on the smaller region of the SMTZ (here, at , 120-140 cm), and we see that this interplay appears to partially mask the curvature in pore-water profiles in the middepth region of the sediments. While linearity in pore-water profiles ultimately results from a region in the sediments in which diffusion alone occurs, the location of the linear region does not identically match the region in the sediments in which no in situ reactions occur.
In all case 3 model runs, DIC : sulfate property-property plots are not a straight line over the complete range of Dsulfate values (e.g., see Fig. 8 ), and the end-member slopes of these curves provide evidence for the occurrence of OMX and AOM in the sediments. The slope of the line at large negative Dsulfate (or large positive DDIC) values results in an r C:S value consistent with the occurrence of AOM (which is the dominant process in the region of sediments where such concentration changes are observed). In contrast, the value of r C:S based on the slope of the line at low values of negative Dsulfate appears to record information about both OMX and AOM through the entire sediment column (Table 4) , despite these concentration data coming solely from the surface sediments, where only OMX occurs. This can be seen in Table 4 by comparing the low negative Dsulfate values of r C:S with the ratio of the depth-integrated rates of DIC production to sulfate reduction (DIRC : DIRS) over the entire sediment column.
These observations are discussed below and also verified using an analytical solution to a simplified version of our AOM-OMX numerical model.
Application of an analytical model to the examination of DIC : sulfate property-property plots-Here, we start with Eqs. 9, 10, and 12 for reactive POC, sulfate, and DIC and simplify the equations by neglecting pore-water advection and setting K m equal to 0. As discussed above, OMX coupled to sulfate reduction in the surface sediments then becomes first order with respect to the reactive POC concentration and is independent of sulfate concentration (see Eq. 19) . Reactions occurring at depth in the sediments, specifically AOM driven by an upward methane flux, are not explicitly modeled here but are accounted for by specifying DIC and sulfate fluxes into or out of the deeper sediments across the lower model boundary (e.g., based on the results in Fig. 2 , this lower model boundary would be at 45-50 cm sediment depth).
With these assumptions, the analytical solution to the modified forms of Eqs. 10 and 12 for dissolved sulfate (S) and DIC (C) can be written as
where I is either C or S, I o is the bottom water concentration of that solute, a 5 k OM /v, k OM is the firstorder rate constant for reactive POC degradation, and v is the sediment accumulation rate. The two fitting parameters in Eq. 22 are given by
where: Q, D i , and F are defined in Table 1 or the section ''Development and implementation of a numerical AOM-OMX model''; G o is the concentration of reactive POC at the sediment surface; H i is the flux of solute i at the lower model boundary; and r i 51 for C and 5 21/r C:S for S. Using these equations to examine the results in Fig. 8 , we start by taking the differentials of Eq. 22 for S and C, allowing us to write the slope of such a property-property plot as
and, by comparison with Eq. 1, we can think of the term in the large square brackets as the ''apparent'' r C:S (r app C:S ),
Furthermore, in either the numerator or the denominator of r app C:S , the first term represents the contribution from AOM in the deeper part of the sediments below the analytical model lower boundary, and the second term is the contribution from OMX in the surface sediments. Table 3 , the case 3 model parameters listed in Table 1 were used in these model runs. { The depth-integrated rate of DIC production (DIRC, mol m 22 yr 21 ) was calculated as
dz (see Eq. 12 and the text for details). The first two terms in this integral account for DIC production by OMX, which is driven by the deposition and burial of reactive POC, and the third term accounts for DIC production by AOM, which is driven by the upward flux of methane that is completely oxidized to DIC. On the basis of Eq. 9, the depth-integrated rate of sulfate reduction (DISR, mol m 22 yr 21 ) was calculated as:
Both integrals were solved by trapezoidal approximations using numerical model solutions and parameters in Tables 1 and 3 . { On the basis of a DIC : sulfate property-property plot, as discussed in the text (e.g., see Fig. 8B ). 1 Determined using Eq. 27, as discussed in the text.
We can now examine the end-member values of r app C:S and compare them with similar values based on the case 3 numerical model results reported in Tables 3 and 4 and Fig. 8 . To do this, we first fit the sulfate and DIC concentration data from the four case 3 numerical model runs with the analytical model (Eqs. 22 and 23) by adjusting the values of G o , k OM , H C , and H S . The best fit of the numerical model data with these analytical equations was excellent (normalized root mean square errors , 0.5% in all cases). At depth in the sediments, sulfate concentrations are low, DIC concentrations are high, and DS or DC values are large negative or positive numbers, respectively. Because z is large, the exponential terms in the numerator and denominator of r app C:S in Eq. 24 will approach zero and
Because we have assumed here that AOM is the only process consuming sulfate and producing DIC at depth, these two fluxes should be roughly equal in magnitude (but of opposite signs), and r app;D C:S should approach 1. The actual values of r app;D C:S based on these fits of the analytical model to the case 3 numerical model results (i.e., using Eq. 26) ranged from 1.05 to 1.13, in very good agreement with similar estimates obtained directly with the numerical model results (e.g., see Fig. 8B ).
Similarly, near the sediment surface, sulfate concentrations are high, DIC concentrations are low, and negative DS or positive DC values are low. Since here z is small, r app C:S can be approximated as
and now we see that the numerator and denominator incorporate contributions from both AOM at depth and OMX near the sediment surface. Again, fits of the analytical model to the case 3 numerical model results yield values of r app;S C:S (determined with Eq. 27) that were in excellent agreement with the analogous values in Table 4 determined directly with numerical model results, as in, for example, Fig. 8B .
Using this same approach, we can also re-examine the case 2 model results (Figs. 5, 6) , and the resulting fitting parameters can then be used to determine r app C:S with either Eqs. 25, 26, or 27. All three equations yield a value of 1.7 for r app C:S . This observation provides further evidence for the conclusion reached in the section discussing the case 2 results that internal cycling of methane by in situ methanogenesis and AOM does not lead to deviations in the value of r C:S from that seen solely for the occurrence of OMX.
A comparison of Eqs. 26 and 27 also provides a conceptual explanation for the values of the end-member slopes in the property-property plots of case 3 model results (e.g., Fig. 8B ). Specifically, it illustrates that processes in both the surface and deep sediments affect the properties of the surface sediments, whereas deep sediments are affected only by processes taking place in the deep sediments. Because deeper sediments (where AOM largely occurs) are also older than surface sediments (where OMX predominates), this equation suggests that we might be able to think about this observation in terms of processes in older (deeper) sediments affecting the properties of younger (shallower) sediments, but not vice versa. Implications of these model results to the interpretation of field data-A final point to consider here is why the Figs. 7  and 8 , in which the model output has been down-sampled from the original , 200 data points shown in these figures to the 25 data points shown here that are roughly distributed evenly over the depth zone of sulfate reduction. Despite this down-sampling, there is still evidence here of the curvature seen in Fig. 8A , and the value of r C:S based on the best-fit straight line through these data is identical to that in Fig. 8A. (B) The down-sampled data in Fig. 9A with random errors (up to 6 5%) added to each data point. The curvature seen in part A is now absent, and the data are more randomly distributed around the best-fit line. However, the best-fit line through these data results in virtually the same r C:S value as in Figs. 8A and 9A. curvature seen in property-property plots with case 3 model data (Fig. 8) is not discernible in field data such as those in Fig. 1 , despite predicted values of r C:S based on plots such as Fig. 1 consistent with there being an external methane source to these sediments. As a possible explanation, we first note that model simulations such as that in Fig. 8 have . 200 model data points with essentially no error associated with each data point, allowing for the expression of the somewhat subtle (but nonetheless observable) curvature in the data. To examine this point further, we have taken the model data shown in Fig. 8 and sampled it to match the data density of a typical pore-water profile. This is shown in Fig. 9A . Even at the lower data density shown here, some slight curvature is still evident in the data, and the best-fit line through the sampled data yields an apparent r C:S value identical to that seen when fitting the complete data set in Fig. 8A to a straight line. In contrast, when we add random errors (up to 6 5%) to the sampled data (Fig. 9B) , the curvature in the data is lost, although the apparent r C:S value based on the best-fit line in Fig. 9B remains virtually unchanged from the previous two estimates in Figs. 8A and 9A.
That these three estimates of the apparent r C:S for this model data set are essentially identical is even more interesting in the context of Fig. 10 . Here, we see that for a given flux of reactive POC to the sediments, the apparent r C:S value based on a linear regression fit to the complete model data set shows an inverse relationship with the depth-integrated rate of AOM, which is essentially equal to the upward external methane flux when this flux is present. On the basis of the previous discussion, this apparent r C:S value should also be similar to that we can obtain with real sediment data for a site with these same model characteristics (i.e., compare Figs. 8A and 9B ). This then suggests that we may be able to use real sediment POC and porewater data (the latter through DIC : sulfate propertyproperty plots) to obtain information about the relative importance of OMX and AOM driven by an external methane flux. Thus, although the ability to see curvature in DIC : sulfate property-property plots with field data might be difficult, observed deviations in r C:S values from predicted end-member values (i.e., 1 for AOM or 1.7-2 for OMX) could still provide useful information about the occurrence and relative importance of OMX and AOM in sediments driven by an upward external methane flux.
However, unless carbonate precipitation is also accounted for, such deviations in values of r C:S from predicted endmember values do not provide unequivocal information about the occurrence of OMX and AOM in sediments. We hope to address this problem using future versions of this model, in part by including equations for pore-water [Ca 2+ ] (and perhaps [Mg 2+ ]) in the model and by also explicitly incorporating carbonate speciation (Boudreau 1987; Zeebe 2007) into model equations. Table 1 . The horizontal dashed line indicates that in the absence of an external methane flux, the apparent value of r C:S is independent of J POC and DIAOM because of the tight coupling of AOM and in situ methanogenesis (see the subsection ''Case 2: In situ methanogenesis, no external methane flux'' for details). DIAOM was calculated here as DIAOM~Q ð k aom SM dz and the integral was solved by trapezoidal approximations using numerical model results.
